The formation of stable back beads in the first layer weld during one side multilayer welding is important to achieve high quality welded metal joints. The authors thus employed the switch back welding method for V groove joints without backing plates. The burn through may take places due to the disturbance, such as the change of the base metal. If the tip of the electrode gets near the root edges, the arc discharged to the root edges of the groove. As a heat of the arc is given to the root edges, the root edges were melted enough and it is difficult to support the weld pool. In order to avoid the burn through, the weaving width was adjusted by detecting the state of the surface of the weld pool, i.e., the authors proposes the control method of weld pool. The validity of the weaving control method was verified by observation of the weld pool and the external appearance of back beads.
Introduction
Since a welding power source composed of transistors has high speed responses, it is easy to make arbitrary current waveform. An analog transistor welding power source was intended to use in laboratories. Control circuits of the current waveform were composed of analog circuits in this power source.
Its performance depends on the temperature, i.e., the analog power source was adjusted according to variations of the ambient temperature. Recently, according to development of a high speed IGBT and CPU, digital welding power sources with inverter technologies are used. Even though the inverter power source is suitable for saving of the energy and small size, the response is slower than the transistor power source. The digital power source does not depend on the temperature and has reproducible for generating of the current waveform. The control of the arc phenomena became easy 1 . Moreover, the peripheral equipments composed of the welding system are digitalized according to the development of information technologies, too. Computer networks are utilized 1, 2 . These digital equipments and the computer networks are useful for the co-operative control of the welding power source, the wire feeder unit and the welding robot.
In this study, the digital welding system is built by using the computer network and the digital equipments. By using the proposed system, the V groove welding for the thick metal plate is achieved. In the conventional multi-pass welding, the stable welding in first pass is important to get a high quality of the welding [3] [4] [5] . In the conventional welding, the backing plate made of the ceramics or same material as the base metal is used to support the weld pool. If the backing metal plate is used, the total weight of the joint increases. In this case, a crack may take place at the joint part, if the strong force is applied at the joint part. On the other hand, if the ceramic backing plate is used, the removal of the backing plate is required after the welding. This removal operation is not suitable for the automatic production system. In order to improve this situation, the authors proposed the switch back welding without the backing plates and investigated welding conditions for the gap 6 . In this welding method, the welding torch is not only oscillated but also moved forward and backward. First, the torch is moved forward and backward at a high speed to give the arc heat to root edges. Next, the torch is moved forward at a slow speed to form a desired bead height. In this robotic welding system, the weaving frequency was 10 Hz and the pulsed current was used. Since the weaving frequency is up to 3Hz in the conventional welding robot, the 10Hz weaving is not suitable for the conventional welding robot.
In this paper, the effect of the torch weaving to the back bead was investigated to apply the conventional welding robot to the switch back welding. When the torch approaches to the root edges, the current is changed from the base current to the pulse peak and its arc is discharged to the root edge and the groove surface. The root edges are melted by the arc heat and the stable wide back bead is formed. Next, the weld pool is taken with a CCD camera. The droplet is deposited on the root edges.
Moreover, a in process control system of the back bead is proposed to prevent the burn through in the wide gap. In order to verify the performance of the proposed control system, the authors tried to make the welding with the 2.5Hz weaving under the gap changed from 4.3mm to 3.8mm. A good stable back beads were obtained regardless of the gap variation. In general, the skill welder can make the welding in the gap from 3mm to 2mm. In the gap of more than 3mm, the welding is difficult for the skill welders. A good quality of the welding than the welder is obtained by controlling the power source, the wire feed unit and the welding robot, simultaneously.
Switch back welding
The authors tried to make the welding to joint the base metals, of which the angle of the groove is 45°and the thickness was 12 mm. A mixture gas of Ar 98% and O 2 2% was used as the shielding gas. The pulsed current was used in the switch back welding. Since the torch is moved forward from the weld pool at a high speed. The heat source is away from the weld pool. The temperature of the weld pool decreases and the burn through is prevented. The switch back welding, in which the torch movement is controlled, was proposed by using above mentioned knowledge 6 . The switch back welding is shown in Fig.1 . If the gap is 4mm, the weaving center of the torch is moved forward by 9mm at 11.25 mm/s and backward by 9mm at the same speed.
After that, the torch is moved forward by 9mm at the slow speed of 1.8mm/s. The weaving center of the torch repeats a forward and backward like the switch-back movement along the welding direction. During the torch movement at a high speed, the arc gives a heat onto the root edge. Since the wettability of the back bead was improved, the formation of the back bead becomes easy.
Moreover, if the amount of the deposited metal increases during the high speed torch movement, the deposited metal on each root edge comes in contact with each other. The bridge between the deposited metals on the root edges is made due to surface tension and the weld pool is formed. During the forward movement at the slow speed, the arc heat is given to the weld pool and the surface of the groove. The bead height is adjusted. According to the temperature rise of the weld pool, its size becomes big. Before the burn through takes place, the torch movement is changed to that at the high speed to take out the heat source from the weld pool.
The torch was oscillated like a sine wave of 2.5Hz. Since it is important to give the arc heat on the root edges and to deposit the droplet on the root edges, the pulse peak current is synchronized with the torch weaving 6 .
Robotic welding system
A digital robotic welding system, which is composed of the personal computers, the image memory, the CCD camera and the digital welding power source, is shown in Fig.2 . The personal computer controls the welding system by synchronizing with the torch movement on real time. The communication between the computers is based on an Ethernet work of 10Mbps. The weld pool is taken with the CCD camera fixed on the front of the torch 7 .
The observation method was reported to take the weld pool by using both the feature of arc light and an interference filter of 950nm 8 . In this paper, the interference filter of 950 nm is used to take the weld pool, i.e., the weld pool just under the electrode is clearly taken by reducing to 30 A and by using the interference 
Relationship between the torch weaving and the pulsed current
The fundamental experiments were carried out in the gap of 4mm to investigate relationship between the current waveform and the arc phenomena. The current is changed to the pulse peak near the root edge and the torch is oscillated like a sine wave to get a good back bead, as shown in Fig.3 . In the conventional welding robot, the weaving frequency is up to 3Hz. The authors tried to make the switch back welding under the 2.5 Hz weaving.
The period of the weaving is 0.4s. Since the elapsed time at one side of the weaving became longer than 10 Hz and 5Hz weaving, the enough heat is given to the root edges. Therefore, the burn through takes place easily. The heat is given not only to the root edge but also to the groove surface, i.e., the multiple pulse peaks are used to give the heat from the root edge to the groove surface.
First pulse peak is generated when the torch approaches to the root edge after passing the weaving center. After that, the succeed pulse peak is repeated with 5ms interval, so that the arc length becomes long. In the 2.5 Hz weaving, 4 pulse peaks at one side of the weaving are used, as shown in Fig.3 . A good back bead was obtained. The shutter of the CCD camera is opened to take the weld pool after the pulse peak. The typical images of the weld pool are shown in Fig.4 . The arc was discharged to the root edge every one side of weaving. The heat was given to the root edge, too. The cross section is shown in Fig.5 . The back bead in Fig.5(a) becomes thick than the 5Hz weaving in Fig.5(b) , since the residence time at one side of the weaving is longer than 5Hz weaving.
Feed-forward control of back bead
Before the welding, the gap was detected at the starting point and end point. The linear interpolation of the gap was carried out,
i.e., the gap was estimated at the current torch position.
According to the gap, the welding conditions, such as welding speed and the wire feed rate and so on, are adjusted by the feed-forward control of the back bead. The welding conditions for the gap were found by performing the fundamental welding experiments and are shown in Table 1 . Since the welding conditions depend on the gap, the weaving frequency does not depend on the gap.
In process control of weld pool
When the burn trough may take place by the unexpected disturbance, the surface of the weld pool is moved down, as shown in Fig.6 (a) . The arc length becomes long during the slow movement. On the other hand, if the penetration depth of the weld pool is suitable, the surface of the weld pool becomes higher than the root edges and the suitable arc length can be obtained as shown in Fig.6 (b) .
The fundamental experiments under 4mm gap were carried out to examine the relationship between the penetration depth and the average voltage during the slow speed torch movement. The weaving width set up 5mm. The appearance of the back bead is shown in Fig.7(a) . The burn through took places. The behaviors of the average current and the average voltage in the slow speed torch movement indicated by the blue area are shown in Fig.7(b) .
The average voltage became higher at the burn through. If the weaving width increased 2mm than the gap width, there is no burn though and a good back bead appearance could be obtained.
The average voltage during the slow movement became lower than that of high speed movement. As above mentioned, the penetration depth of the weld pool can be controlled by adjusting the weaving width. In order to examine the transient response of the penetration depth to the weaving width, the fundamental experiment was carried out under the step change of the weaving width wider from 1mm to 3mm than the gap width. The bead appearance and the voltage are shown in Fig.8 . The burn through was disappeared after the change of the weaving width. Figure 9 shows behaviors of the average voltage in the slow movement, which was calculated from the voltage waveform shown in Fig.8(b) . The authors tried to make the numerical model to represent relationship between the variation of weaving width u  and the average voltage. Although the weaving width is changed at 50s in Fig.9 , the response of the weld pool has a little bit delay. The authors assumed that the response became steady state at 90s. If number of the delay order becomes higher, it is difficult to control the system due to the delay. Therefore, the authors applied 2 nd order system to the numerical modeling. By using Laplace transform, the numerical model of 2 nd order system was approximated as follows:
where  and  correspond to a damping factor and a natural angular frequency estimated by using behaviors in Fig.9 . There is no overshoot about the penetration of the weld pool, since the overshoot means the burn through. Therefore, the damping factor  becomes more than 1.0. The damping factor and the natural angular frequency were estimated, so that the difference between the measured value and the numerical model becomes small between 50s and 90s , as shown in Fig.9 . Resultant estimated parameters,  and  , became 1.5 and 0.7. Equation (1) is transformed by using Z transformation.
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